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Abstract 
Front side etching in combination with sample tilting – instead of wafer through etching – allows for transmission electron 
microscopy (TEM) investigations on nanostructures integrated in microelectromechanical systems (MEMS). We present electron 
diffraction (ED) of an individual single-walled carbon nanotube (SWNT) suspended between sharp polysilicon tips on the bulk of 
a MEMS chip. This novel approach for transmission beam characterization avoids complex wafer backside processing while 
allowing for chirality assignment to the integrated functional SWNT, as demonstrated here. 
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1. Introduction and Motivation 
Single-walled carbon nanotubes (SWNTs) exhibit extraordinary electronic and mechanical properties that render 
them promising candidates for sensor applications [1]. SWNTs are uniquely determined by the chiral indices which 
define e.g. whether they are metallic or semiconducting. For physical or chemical sensors based on SWNTs, 
chirality is expected to strongly influence electrical sensor response [2-4]. Experimentally, correlating chirality with 
sensitivity is difficult to achieve within functional devices. TEM electron diffraction, as one of the most reliable 
chirality assignment methods, requires electron beam transparency, commonly provided via costly through holes [5]. 
In addition, through holes require backside etching which is often incompatible with suspended structures. 
Here, we show chirality measurements w/o backside etching on freestanding electrically contacted SWNTs 
integrated in MEMS structures. In the future, electrical measurements on suspended and integrated structures will 
lead to data, which allow direct model verification by chirality assignment. 
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 2. Concept and Fabrication 
Fig. 1a shows a MEMS structure with two polysilicon tips. One tip is connected to an electrically heated 
thermomechanical actuator while the other is fixed. This structure allows for straining nanomaterials connected 
between the tips. Electromechanical characterization of SWNTs will also be possible on the structure by electrically 
contacting the SWNTs. To further characterize such integrated nanostructures by transmission beams, the restriction 
in accessing only the very edge of the chip [6] has to be overcome.  
In our novel approach, a notch towards the chip’s edge is formed by front side etching allowing for TEM 
inspection as schematically depicted in Fig. 1b and 1c. The additional – but inexpensive as anyway available – front 
side etching is an overlay of all etching masks of the PolyMUMPs™ [MEMSCAP] process: dimple, anchors and 
via. The resulting notch penetrates the substrate for more than 4 μm. By making use of these existing front side 
masks, backside mask alignment and backside patterning becomes superfluous.  
Compared to previous work where structures needed to be slit beyond the edge to obtain transparency [7], higher 
MEMS design complexity becomes possible. 
 
 
Fig. 1. (a) Field-emission SEM image of front side etched notch towards the edge of the chip allowing for TEM inspection at tilting angles close 
to vertical sample orientation. The notch is fabricated by overlaying dimple, anchors and via etching steps which penetrates the substrate (600 nm 
silicon nitride on silicon) for more than 4 μm. Inset shows the two polysilicon tips facing each other. The nanotube is 3 μm above the substrate 
spanning the MEMS tips; (b) Schematic cross-sectional illustration of electron beam access to nanostructures located on the bulk area of a 
MEMS chip and (c) perspective representation of the beam path; (d) TEM micrograph of a vertically mounted chip at a tilt of 2° where the front 
side etched notch enables electron beam access; direction of view corresponds to the arrow in (b); (e) top view field-emission SEM micrograph of 
a suspended SWNT between partially metalized polysilicon tips. 
Concerning the fabrication of the sharp polysilicon tips, we report on tips thinned down in lateral dimensions 
below 500 nm formed solely by photolithographic means. This is an important improvement with respect to our 
previous approach, where tips had to be fabricated by etching thermally oxidized polysilicon bridges [8]. Avoiding 
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oxidation and etching for tip-formation, the initial structural layer thickness can be maintained, buckling due to 
heavy oxidation is eliminated and processing steps are circumvented. 
3. Results and discussion 
Fig. 1e shows a SWNT grown by Fe-catalysed chemical vapour deposition [9]. Although the integrated SWNT is 
located 165 μm away from the chip border, the notch enabled TEM imaging as shown in Fig. 2a. For this 
configuration, the notch allowed for an accessible tilt range of 2.5°. Thus, the geometry of metal contacts to 
nanotubes could be investigated and the absence of SWNT bundles could be verified. 
Electron diffraction (ED) [6, 10] of the individual single-walled carbon nanotube was recorded at 100 kV on 
imaging plates and is presented in Fig. 2b. The chiral indices (17,17) are unambiguously assigned to this integrated 
nanotube. This corresponds to an armchair-type nanotube with a diameter of 2.31 nm. 
While chirality assignment could also be derived within some limitations from e.g. Rayleigh scattering or Raman 
spectroscopy w/o sample transparency, the detailed imaging capabilities of TEM inevitably require transmissibility 
as provided here. 
 
 
Fig. 2. (a) bright field TEM micrograph showing a SWNT integrated on polysilicon supports. The arrows and the metal deposits act as guide to 
the eyes. Inset: close-up of the SWNT, amorphous carbon contamination around the nanotube and the metal deposit is mainly induced during 
observation; (b) Electron diffraction pattern of the same SWNT shown in (a) and Fig. 1e. The chiral indices (17,17) have been assigned, which 
corresponds to a nanotube diameter of 2.31 nm, armchair-type and hence metallic. Recording conditions at FEI CM12: 100 kV, 30 μm condenser 
aperture, 300 s exposure time on imaging plate. 
As to report on the importance of setting the tilt properly, Fig. 3b shows an ED pattern recorded for the same 
device type and the same fabrication procedure as for the SWNT of Fig. 2b, but at inappropriate tilting conditions 
and therefore highlights pattern degeneration due to clipping. Still, the chiral indices (14,7) were assigned while 
(15,8) would be the second closest candidates. Confocal Raman spectroscopy confirmed this assignment by a 
measured radial breathing mode (RBM) frequency of ωRBM = 163 rel. cm-1, shown in Fig. 3a. Making use of the 
relation ωRBM = 214 cm-1 nm / d + 19 cm-1 a diameter of d = 1.49 nm is deduced. This corresponds reasonably well 
with the theoretical diameter of 1.45 nm for a (14,7) nanotube. More convincing, the RBM of (14,7) is expected to 
be in resonance for the employed excitation laser line of 532 nm whereas the (15,8) and others are not anticipated to 
exhibit a RBM peak at this excitation energy. Probably due to the previous ED pattern recording, the feature of the 
defect mode (D) is pronounced. As the G/D ration of our pristine SWNTs is usually above one hundred the decrease 
of G/D to 15 seems to support the foreseen necessity to perform electrical sensor measurements prior to chirality 
assignment. Another reason for the exceptional high D peak may arise from metal deposition. 
In Fig. 3c, at an enlarged accessible tilt range of 11° because of a modified device type, the diffraction pattern for 
a (24,6) SWNT separated for only 25 μm from the dicing edge exhibits undisturbed electron diffraction spots. 
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Fig. 3. (a) confocal Raman spectrum of an integrated SWNT with radial breathing mode at 163 rel. cm-1; (b) electron diffraction pattern of the 
same (14,7) SWNT where suboptimal tilting conditions lead to clipping (accessible tilt range 2.5°). Image contrast is inverted for better visibility; 
(c) At proper tilt, ED pattern of a (24,6) SWNT located at a distance to the edge of the chip of only 25 µm instead of 165 μm which results in an 
accessible tilting range of 11°. A 150 nm long straight section of the nanotube was illuminated at 100 kV. Camera length was 770 mm. 
4. Conclusion 
We present for the first time ED patterns for a SWNT integrated in complex MEMS structures far away from the 
substrate’s edge without the need for a through hole. The demonstrated chirality assignment paves the way for 
correlating device response and theory. 
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